Since the discovery of cisplatin by Rosenberg et al. in the 1960s, platinum anticancer drugs have played an important role in cancer chemotherapy. [1] Cisplatin is used to treat a variety of cancers such as testicular, lung, breast, and ovarian. The success of cisplatin has led to the synthesis and biological evaluation of thousands of platinum complexes; however, only two additional complexes, carboplatin and oxaliplatin, are approved for clinical use by the FDA. [2] The clinical efficacy of platinum-based anticancer drugs is limited by their poor pharmacokinetic properties. High doses of platins are needed, which often leads to severe side effects. Furthermore, many tumors display inherent or acquired resistance to platinumbased therapies. There exists a need to develop alternative strategies to effectively deliver platinum drugs to the tumor, with fewer side effects.
physiological conditions, thus limiting their in vivo efficacy. We sought to develop a new nanoparticle platform that would possess minimal drug release and nanoparticle decomposition when circulating in the bloodstream, but would also readily release the drugs upon cellular internalization. Herein we report the development of bridged polysilsesquioxane (PSQ) nanoparticles as a platform for oxaliplatin delivery.
PSQs are a type of hybrid material composed of siloxane networks with organic or metalorganic bridging ligands. These materials are synthesized from bis(trialkoxysilanes) ((R′O) 3 -Si-R-Si-(OR′) 3 ) by sol-gel reactions. [7] PSQs have been well studied as bulk materials for a number of applications, but have only recently been prepared as nanomaterials. [8] PSQs offer similar biocompatibility to silica-based materials, which have been extensively studied for biomedical applications. [9] However, as a homopolymer of (R′O) 3 -Si-R-Si-(OR′) 3 , PSQ materials allow much higher drug loadings than silica-based materials with grafted drugs on only their surfaces. The physicochemical properties of PSQ materials can be more easily tuned by changing the monomer properties than in a silica-based material.
The platinum complex [Pt(dach)Cl 2 (triethoxysilylpropyl succinate) 2 ] ([dachPtSi]; dach = R,R-diaminocyclohexane) was synthesized in 50-60% yield by reacting [Pt(dach)-Cl 2 (OH) 2 ] with excess triethoxysilylpropyl succinic anhydride in DMSO. The [dachPtSi] monomer contains a Pt IV complex, which is known to be inert under nonreducing conditions, but will be rapidly reduced by endogenous molecules to form the active Pt II complex. [10] Additionally, [dachPtSi] contains orthogonal carboxylic acid functionalities, which can be used to postsynthetically modify the nanoparticle.
PSQ nanoparticles 1 were synthesized by base-catalyzed sol-gel polymerization in an anionic reverse microemulsion (Scheme 1a). Nanoparticles of 1 were precipitated by the addition of ethanol, followed by repeated washing with ethanol. The nanoparticles of 1 were characterized by transmission electron microscopy (TEM), dynamic light scattering (DLS), thermogravimetric analysis (TGA), and inductively coupled plasma mass spectrometry (ICP-MS). As shown in Figure 1a , TEM analysis of 1 showed spherical nanoparticles of 50-100 nm in diameter. DLS measurements of 1 gave an average diameter of 78 nm (polydispersity index, PDI = 0.074). The zeta potential of 1 was −20.7 mV in phosphatebuffered saline (PBS; Figure 1b , Table 1 ). TGA showed a 48% weight loss for the organic components ( Figure 1c ), which is slightly lower than the 52% expected for the homopolymer of [dachPtSi] . We believe that the lower weight loss can be attributed to the presence of sodium ions in 1 (from the surfactant used in the synthesis), which was confirmed by energy dispersive X-ray spectroscopic (EDS) measurements. ICP-MS measurements of 1 gave a Pt loading of 18-24% Pt by weight (expected 24% for the homopolymer), thus giving an active agent loading ([Pt(dach)Cl 2 ]) of 35-47% by weight. Each particle of 1 contains approximately 1.5 × 10 5 [Pt(dach)Cl 2 ] molecules (see the Supporting Information), which is several thousand times the drug loading of known nanoparticle platforms that deliver Pt IV prodrugs.
[11] Dye-doped particles of 1 (rhod-1) were obtained by incorporating a fraction of silyl-derived rhodamine B into the microemulsion during the synthesis. Particles of rhod-1 had a similar size distribution as 1 ( Table 1 ) but contained rhodamine B to facilitate confocal imaging studies.
We expect that 1 will be stable under normal physiological conditions, but the Pt IV prodrug in 1 can be rapidly reduced by endogenous biomolecules, such as glutathione and cysteine, to release [(dach)PtCl 2 ], which can then undergo hydrolysis (assisted by the low intracellular Cl − concentration) and DNA binding (Scheme 1a). Release experiments revealed that 1 is stable in the absence of a reducing agent, with only 10% background release over 24 h ( Figure S14 ). However, with the addition of 10 mM cysteine, approximately 30% of the platin cargo was quickly released, followed by a more gradual release of the cargo. Approximately 80% of the payload was released after two days of incubation with cysteine. Nanoparticle 1 possesses two surface functional groups-silanol groups and carboxylic acids-which were used for post-synthesis grafting of cyclic arginine-glycine-aspartate (cRGD) peptide and the anisamide ligand (Scheme 1b). Firstly, 1 was functionalized with silyl-derived cRGD by base-catalyzed condensation to afford RGD-1 (Scheme 1b, method 1). The cRGD peptide targets the α v β 3 integrin, which is upregulated in many angiogenic tumor cells. [12] DLS measurements showed an increase in particle size to 100 nm, probably because of mild particle aggregation after the peptide conjugation. The zeta potential increased slightly to −18.2 mV, which is consistent with the grafting of the neutral cRGD peptide.
Nanoparticle 1 was also surface-modified with polyethylene glycol (PEG). PEG is an inert, nontoxic, and nonimmunogenic hydrophilic polymer. [13] Numerous studies of PEGmodified nanoparticles have demonstrated that the PEG coating sterically stabilizes the nanoparticle and imparts stealth properties such as prolonged circulation half-life, reduced serum protein binding, and avoidance of the reticuloendothelial system (RES). [4a,b] PEG was attached to the surface of 1 by an EDC-mediated coupling (EDC = 1-ethyl-3-(3dimethylaminopropyl)carbodiimide) between surface carboxylic acids and amino-PEG 2000methyl ether (PEG-1; Scheme 1b, method 2). PEG-1 was characterized by DLS, zeta potential, and TGA. DLS measurements gave a hydrodynamic diameter of 91 nm for PEG-1. The zeta potential of PEG-1 increased to −5.5 mV ( Figure 1b , Table 1 ). This positive shift in the zeta potential to near neutral values is indicative of the formation of a PEG layer that shields the surface charge of the nanoparticles. A slight increase in the particle size was observed for PEG-1, and probably resulted from the extension of the PEG chains from the nanoparticle surface. TGA analysis of PEG-1 gave an increase in organic weight loss of 8%, which corresponds to a coverage of 1 PEG unit per 2.7 nm 2 (Figure 1c ).
The anisamide (AA) ligand was also attached to the surface of 1 by an amide coupling between the carboxylic acid groups of 1 and amino-PEG 2000 -AA. The AA ligand is an effective targeting agent for the sigma receptor, an opioid receptor overexpressed on many cancers. [4b, 14] AA-targeted PEG-1 (APEG-1) was prepared by the EDC-mediated coupling of 1 with amino-PEG 2000 -methyl ether and amino-PEG 2000 -AA (in a 9:1 wt ratio) under the same conditions as the above-mentioned pegylation reaction. APEG-1 particles exhibited a diameter of 93 nm (determined by DLS) and a zeta potential of −5.0 mV (Figure 1b and Table 1 ). TGA showed an increase in weight loss of 8% for the organic component, thus suggesting nearly identical PEG surface coverage in APEG-1 to that in PEG-1 (Figure 1c ).
The cytotoxicity of 1 was evaluated in vitro against several human colon and pancreatic cancer lines, because oxaliplatin is used clinically to treat colon cancer and has been studied as a potential therapy for pancreatic cancer. [15] Oxaliplatin, 1, and RGD-1 were evaluated against two colon adenocarcinoma cell lines: DLD-1 and HT-29 ( Figure 1d ). Oxaliplatin was highly effective against the DLD-1 cell line, with an IC 50 value of 0.14 μM, while 1 had slightly better efficacy, with an IC 50 value of 0.11 μM. RGD-1 showed a tenfold increase in cytotoxicity compared to both 1 and oxaliplatin, and exhibited an extremely low IC 50 value of 0.01 μM. Oxaliplatin and 1 showed comparable cytotoxicity (IC 50 = 0.175 and 0.145 μM, respectively) against the HT-29 cell line, while RGD-1 was more than twice as cytotoxic (IC 50 = 0.081 μM). These results clearly indicate the ability to target particles of 1 to the colon cancer cells with the cRGD ligand.
Two pancreatic ductal adenocarcinoma cell lines, AsPC-1 and BxPC-3, were chosen to evaluate the cytotoxicity of 1, RGD-1, and oxaliplatin (Figure 1d ). Nanoparticles 1 and RGD-1 showed IC 50 values of 0.75 and 0.6 μM, respectively, against the AsPC-1 cell line. These compounds were about three times as cytotoxic as oxaliplatin (IC 50 = 2 μM). Oxaliplatin, 1, and RGD-1 showed comparable cytotoxicity against the BxPC-3 cell line, with IC 50 values of 1, 0.8, and 1 μM, respectively. RGD-1 is not expected to show an increase in cytotoxicity compared to 1, as these cell lines do not express high levels of the α v β 3 integrin. [16] Instead, we hypothesized that AA can be used to target AsPC-1 cells, which were shown previously to be sigma-receptor positive. [17] PEG-1 and oxaliplatin showed IC 50 values of 0.52 and 0.37 μM, respectively (Figure 2 a) , while anisamide targeting reduced the IC 50 value of APEG-1 to 0.17 μM, equivalent to a threefold increase in cytotoxicity.
The in vitro cytotoxicity assay results clearly indicated the increased uptake of 1 by DLD-1 and HT-29 human colon cancer cells through integrin receptor targeting and by AsPC-1 human pancreatic cancer cells through sigma receptor targeting. The cellular localization and effect of RGD targeting of 1 was investigated by confocal microscopy. DLD-1 cells showed increased cellular localization and uptake of RGD-rhod-1 particles compared to the untargeted rhod-1 particles ( Figure S19) . The time dependence of cellular internalization and apoptosis was also investigated by confocal microscopy (Figure 3 ). AsPC-1 cells were incubated with rhod-1, PEG-rhod-1, and APEG-rhod-1 for either 1 h or 5.5 h before treatment with fluorescein-tagged Annexin V to assess apoptosis. After 1 h of incubation, no fluorescence was evident in the rhodamine B channel for cells incubated with rhod-1, but significant rhodamine B fluorescence was found for the cells incubated with PEG-rhod-1 and APEG-rhod-1 (Figure 3) . Consistent with the efficient uptake of PEG-rhod-1 and APEG-rhod-1 particles, the fluorescein channels showed strong green fluorescence in both cases, thus indicating significant cell apoptosis induced by the released Pt drug from the endocytosed particles. In contrast, no apoptosis was observed for the cells incubated with no particles or rhod-1 particles. Confocal images of the cells incubated for 5.5 h with rhod-1 particles indicated a low level of particle uptake and cell apoptosis (much less than the cells that were treated with PEG-rhod-1 and APEG-rhod-1; Figure S20 ). The confocal microscope imaging studies thus provided additional evidence for the enhanced uptake of PEG-rhod-1 and APEG-rhod-1 particles and triggered release of the platin cargoes in the AsPC-1 cells.
Encouraged by the promising in vitro results, we have evaluated the in vivo tumor growth inhibition efficacy of PEG-1 and APEG-1 against a murine model of pancreatic cancer. Female athymic nude mice were injected in both flanks with 1 × 10 6 AsPC-1 cells and the tumors grew until palpable in both flanks (typically 16-21 days after cell injection). The mice were randomly split into four groups (4-6 mice per group) and received three weekly doses of oxaliplatin (5 mgPtkg −1 ), PEG-1 (5 mgPtkg −1 ), APEG-1 (5 mgPtkg −1 ), or PBS control. Figure 2b shows the effect of the treatments on tumor growth. Mice that received no treatment demonstrated sustained tumor growth, and reached the maximum allowed size 21 days after commencement of treatment. Oxaliplatin appeared to slightly inhibit tumor growth over the study period (75% of the volume of untreated tumors), but the effect was not statistically significant. However, mice that received either PEG-1 or APEG-1 showed a statistically significant reduction in tumor growth (α = 0.06 for PEG-1 and α = 0.02 for APEG-1), thus limiting the average tumor volume to approximately 50%and 40%of the volume for untreated control mice, respectively. The antitumor efficacy of PEG-1 and APEG-1 was confirmed by histological analysis of the resected tumors (Figure 4 ). Both the untreated and oxaliplatin-treated tumors were very large and composed of large regions of viable tumor cells (Figure 4a, b) . The tumors from the oxaliplatin-treated mice showed small necrotic regions around the center of the tumor mass. In contrast, mice that received PSQ nanoparticle treatment (Figure 4c,d) had smaller tumors composed of large regions of necrotic (scarred) tissue. Mice that received APEG-1 showed much larger regions of necrotic tissue. These results suggest that PSQ nanoparticles are potentially useful therapies for the treatment of pancreatic cancer.
In conclusion, we have synthesized PSQ nanoparticles that contain extremely high loadings of oxaliplatin-based chemotherapeutics. These nanoparticles are highly stable under normal physiological conditions, but can be readily reduced to release the platin cargoes in highly reducing tumor microenvironments. The PSQ particles contained both surface silanol and carboxylic acid groups to allow further functionalization with PEG and targeting ligands. The PSQ particles exhibited superior cytotoxicity to oxaliplatin against four cancer cell lines in vitro, and the RGD and anisamide targeting further enhanced the cytotoxicity. In a pancreatic cancer xenograft mouse model, the pegylated and anisamide-targeted PSQ particles showed drastically superior efficacy to oxaliplatin in inhibiting tumor growth. This work highlights the potential of PSQ nanoparticles as excellent delivery vehicles for cancer therapeutics. Laser scanning confocal microscopy images of AsPC-1 cells after incubation with no particle, rhod-1, PEG-rhod-1, and APEG-rhod-1 for 1 h and then treated with Annexin V/ FITC. The platin loadings are 5 μM for all the particles. The green fluorescence arises from FITC and the red fluorescence arises from rhodamine B. Scale bars = 50 μm. Histology images of resected tumors (with H&E staining) from mice receiving a) saline control, b) oxaliplatin, c) PEG-1, and d) APEG-1. Scale bars = 0.5 mm. The blue-purple dots result from nuclear staining of viable cancer cells whereas pinkish areas indicate the lack of nuclear stains (i.e., necrotic tumor tissue with no viable cancer cells or nuclear material).
Scheme 1.
a) Generalized scheme showing the formation of PSQ particles 1 from the Pt IV precursor. Upon cellular internalization and reaction with endogenous biomolecules, the Pt IV complexes in 1 will be reduced, thereby releasing the active Pt II agent. b) Surface functionalization of 1 by 1) the siloxane linkage formed between silanol groups and silylderived molecules, and 2) the amide linkage formed between carboxylic acid groups and amine-containing molecules.
